Struvite precipitation occurs spontaneously in wastewater treatment plants under conditions that are influenced by many factors including concentration of PO ions, pH, temperature and mixing energy. These parameters are often difficult to control and as a result struvite generates problems of scale deposits in areas such as pipes and recirculation pumps. At the same time, struvite is considered as a potentially marketable product as an alternative fertiliser. For those two reasons, it has become important to study the principles of struvite precipitation, and to assess the parameters controlling struvite crystallisation. In the present work the influence of 
Introduction
Struvite or magnesium ammonium phosphate hexahydrate (MgNH 4 PO 4 ·6H 2 O) scale deposits are causing considerable concern to wastewater treatment operators [1, 2] . The problem is not necessarily a new one as problems due to struvite spontaneous precipitation were first reported as a crust of crystalline material in 1937 in a multiple-stage sludge digestion system [3] . Often perceived as a nuisance affecting the efficiency of treatment processes and causing maintenance problems [4] , the control of struvite deposition has been widely investigated, including the dilution of struvite crystals with water effluents [5] ; preventive action by chemical dosing of iron salts [6] or addition of chemical inhibitors [1, 7] . In the past 10 years struvite precipitation has gained interest as a route to phosphorus recovery [1] . Its composition (nitrogen (N), phosphorus (P) and magnesium (Mg) ions in equal molar concentrations) makes it a potentially marketable product for the fertiliser industry, if the properties of the final product can be controlled [8] .
+ (1)
The occurrence and development of struvite crystals follows two chemical stages:
nucleation (crystal birth) and crystal growth (enlargement of crystals until equilibrium) [10] .
Predicting or controlling these stages is complex as it is controlled by a combination of factors including thermodynamic of liquid-solid equilibrium, phenomena of matter transfer between solid and liquid phases [10, 11] , and kinetics of reaction [12] as well as several physicochemical parameters such as: pH of the solution from which struvite may precipitate, supersaturation, mixing energy, temperature and presence of foreign ions.
The influence of pH and supersaturation on the precipitation rate and crystal characteristics of struvite has been demonstrated by a number of authors [12] [13] [14] [15] [16] , but as yet little interest has been paid to the influence of foreign ions on struvite nucleation and crystallisation.
Theoretically speaking, impurities in solution from which a compound may precipitate can affect the growth rate of crystals due to blocking of active growth sites inhibiting the increase of crystal size, [10] . In the case of struvite crystallisation from wastewater sludge, foreign compounds are numerous (amongst them potassium, chloride, calcium, carbonates, zinc) and could perturb, be absorbed on crystal surfaces and retard struvite formation, hence phosphorus binding [17] .
Indeed for a struvite precipitation process to be successful and economically valuable at full scale, particular attention has to be paid to the properties and quantity of the final product formed. That is to say purity and size of crystal recovered has to be controlled for a reuse as fertiliser: the strength of the granule formed has to be sufficient enough for practical reason (collection, transport and land filling) while purity is essential for environmental reasons.
Influence of calcium and carbonate ions
The way calcium and carbonate ions could affect struvite nucleation and growth is particularly of interest as their levels in wastewater effluent are relatively high. The study published by Parsons et al., 2001 mentioned magnesium to calcium ratio (Mg:Ca) ranging from 1:1.4 to 1:3.7 in settled sludge liquors from various wastewater treatment plant in the UK [18] . While it is also not unusual to find carbonates (CO −  2 3 ) concentrations, (measured in terms of alkalinity, i.e. mg/L as CaCO 3 ) above 200 mg/L in various streams of sewage treatment works [19] .
Although few authors have studied the influence of calcium and carbonates on struvite crystallisation, it has been showed previously that the presence of calcium (Ca 2+ ) or carbonates
3 ) in the media where struvite precipitates can lengthen the induction time preceding the first occurrence of crystals and affect negatively the growth rate [16, 17, 20] 
The presence of Ca ions can influence struvite formation, either by competing for phosphate ions or by interfering with the crystallisation of struvite. In the latter case, the characteristics of struvite crystals formed are likely to be affected; but this has never been assessed. The main objective of this paper is thus to explore how Ca ions can affect struvite crystals nucleation and growth, and discuss the impact this has on the quality of the recovered product.
Materials and methods
A series of experiments have been undertaken to assess the impact of Ca ions on struvite crystallisation using absorbance measurements, particle size analysis and the characterisation of struvite crystals formed through X-ray diffraction (XRD) and scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDS).
For all the experiments reported here struvite was precipitated from mixed solutions of the corresponding crystalline compounds in ultra-pure water (Purelab Ultra, Elga). Each stock solution was then filtered through a 0.22 μm paper filter to eliminate the presence of impurities, and stored at room temperature. All the experiments mentioned in the present paper have been undertaken at room temperature.
pH and absorbance experiments
Initial experiments used changes in solution pH to indicate the start and rate of nucleation.
Experiments at various initial Mg concentrations were carried out to determine an initial Mg concentration for which the induction period is reasonable and the nature of the crystal formed acceptable.
Struvite was precipitated from volumes of stock solutions MgCl 2 ·6H 2 O and NH 4 H 2 PO 4 diluted in 250 mL flasks so that the final concentration of Mg after mixing ranged from 1.2 mM to 3.5 mM and the molar ratio of magnesium, nitrogen and phosphorus (Mg:N:P) always equal 1:2:2. Prior to mixing, the diluted solutions were adjusted to pH 9, by addition of sodium hydroxide (analytical reagent grade) 0.01 N and 2 N and then the two solutions were simultaneously mixed together in a 600 mL beaker, and the pH was measured periodically over 25 minutes. At the end of each test, the precipitate was filtered through a 0.22 μm, dried at room temperature and then characterised via XRD (Powder X-Ray Diffractometer D5005
Siemens) and SEM-EDS (Philips XL 30 SFEG). 
Particle sizing experiments and crystal characterisation
The effects of Ca ions on struvite crystal size, shape and purity were then investigated using particle size analysis, SEM, and XRD. At the end of each experiment, the samples were filtered through 0.22 μm filter, dried at room temperature and analysed with XRD and SEM-EDS.
Results and discussion

pH
Struvite crystallisation is governed by the combination of key parameters amongst which are the pH, the initial concentration of the ionic species in solution, the mixing speed and the presence of foreign ions. In order to assess the impact of Ca ions on the quality, that is to say here size, morphology and purity, of struvite crystals, it was necessary to limit the impact of the other parameters on crystal formation. Experiments were undertaken at room temperature and at a constant mixing speed. Solutions were made to a standard recipe with the molar ratio Mg:N:P (1:2:2) leaving the concentration of Mg as the limiting parameter.
The initial experiments undertaken used pH as an indicator of struvite nucleation. As struvite precipitates, it triggers a release of protons ions in solution and hence a change in pH occurs during the nucleation process. The drop in pH is characteristic of the speed at which the first crystals of struvite occurs, and is linked to the rate of struvite formation which can influence the quality of the crystals formed. 
Effects of Ca ions on absorbance during struvite crystallisation
In addition to pH, absorbance measurements have often been used to follow nucleation and growth [21] . The absorbance measurement corresponds to the quantity of energy absorbed (or transmitted) by the matter, and hence following the evolution of the absorbance of a solution at a specific wavelength, we can see the advancement of the crystallisation process and hence the evolution of the particle growth.
Here we have investigated the effect that Mg:Ca ratio has on struvite nucleation and growth. Without any Ca the absorbance increases quickly (less than 2 minutes) due to the nucleation of struvite particles, before reaching a maximum stable value (around 0.170) corresponding to crystal growth and sedimentation stages (Figure 2 ). By adding Ca at a molar ratio of Mg:Ca 2:1, we observe an increase in absorbance values, probably due to the formation of Ca carbonate or phosphate but we also notice an increase in the induction time from 2 minutes to more than 3 minutes. At the higher molar ratios Mg:Ca 1:1, and 1:2, the turbidity of the solution just after mixing is high due to the preferential reaction of Ca ions with carbonate or phosphate ions making it difficult to extract data on the formation of struvite crystals.
At a molar ratio Mg:Ca 2:1, it appears that an instantaneous precipitation occurs in the early stage of the reaction causing the initial turbidity of the solution, but the time taken to reach constant absorbance values is not as quick as it was during the first experiment without Ca.
Despite this first reaction, some particles continue thus to nucleate. As phosphate ions are present in this case in large excess comparing to calcium, even if the totality of Ca ions react preferentially with phosphates to form calcium phosphate, the minimum 1:1:1 Mg:N:P ratio necessary for struvite to occur is still available, this would explain that struvite nucleation is possible. At this level, calcium ions could thus affect the rate of growth and the induction time as Koutsoukos et al., 2003 mentioned it in their work [17] . At higher molar ratios Mg:Ca 1:1, and 1:2, the results are more difficult to interpret as although the turbidity of the solution just after mixing is high due to the preferential reaction of Ca ions with carbonate or phosphate ions, making it difficult to extract data from absorbance measure on the formation of struvite crystals. To understand what happens in those cases in terms of crystal formation and/or characteristics of the compound generated, analysis of the recovered product was necessary. To clarify these first statements the following experiments concerning particle sizing and crystal characterisation were carried out.
Particle sizing experiments and crystals characterisation
To determine the influence of Ca ions at higher concentrations, and to investigate their effect on the struvite crystal properties, it was decided to undertake a series of experiments using particle sizing, XRD and SEM-EDS. Particle size measurements were performed continuously at constant speed (Vr= 2500 rpm) during the precipitation process and the particle size was recorded over periodic intervals. Again changes in particle size were followed for a range of Mg:Ca ratios. As a reference the change in particle size in a solution without added Ca was measured and the data obtained showed a monomodal particle size distribution for all the distributions, with a mean size rising to constant values comprised between 13.416 and 15.157 μm after 5 minutes of experiment ( Figure 3, Figure 4 ).
The effects of Ca concentration on the evolution of struvite particle size are showed here by plotting the particle size distribution at the beginning (T=5 min) and the end (T=20 min) of Firstly, the XRD pattern generated from the sample without Ca matched with the database model for struvite (i.e. position and intensity of the peaks, figure 5 , sample 1), identifying the precipitate to be struvite [19] . 
Conclusion
The impact of Mg and Ca solution concentrations on struvite crystallisation has been investigated using a range of analytical tools including pH, absorbance, particle size, XRD and SEM-EDS.
It has been shown that the presence of Ca ions in solution has a significant impact on struvite crystallisation in terms of size shape and purity of the product recovered. In the present study, it has been found that increasing the calcium concentration reduces the crystal size and inhibits the struvite growth, or affects struvite crystallisation and leads to the formation of an amorphous substance rather than crystalline struvite.
At molar ratios Mg:Ca~1:1 and above, no more crystalline compound is formed but a substance identified as an amorphous calcium phosphate.
As Ca ions levels in sludge liquors are high in relation with Mg levels, Ca impact on struvite crystal morphology will have to be considered in the future in order to improve the recovery and reuse as a fertiliser.
Further works will thus focus on the extrapolation of these laboratory results using a reactor which has been designed and is currently being used to study struvite nucleation and growth at larger scale. 
